Phototrophic periphyton is effective in removing P (P o and P i ) from wastewaters.
Introduction
Input of excessive phosphorus (P) from non-point source wastewater is an important cause for eutrophication of surface water bodies, such as lakes, rivers, reservoirs etc., and thus pose many environmental, economic and social problems (Chen et al., 2015; Schindler et al., 2008; Smith & Schindler, 2009) . As a result, many technologies are currently in place to remove excess P from wastewaters, among them biological methods using phototrophic periphyton is a subject of great concern (Boelee et al., 2011; Guzzon et al., 2008; Roeselers et al., 2008; Shi et al., 2007; Sukačová et al., 2015) .
Commonly, phototrophic periphyton is coated in the surfaces of the substrates (such as sediments, cobbles, macrophytes and woody debris) of an aquatic system (Davey & O'toole, 2000) , it can be described as the surface attached microbial communities which is driven by light energy with a photosynthetic component (Roeselers et al., 2008) . It is composed of multilayered consortia of photoautotrophs (e.g., unicellular and filamentous cyanobacteria, benthic diatoms and green microalgae) and heterotrophs (bacteria, fungi and protozoa) and is also dominated by more photoautotrophic microorganisms (Guzzon et al., 2008) . The layers are embedded in a common extracellular polymeric substance (EPS), secreted by the community, that mediates the adhesion of photo and heterotrophs (Donlan, 2002; Sutherland, 2001) . These communities are ubiquitous in most aquatic environments and plays a significant role in nutrient cycling (Battin et al., 2003) and purification of water ecosystems (Sabater et al., 2002) .
Previous studies have identified key roles of periphyton in removing P in natural systems and thus periphytons acted as an important sink for P (Drake et al., 2012; McCormick et al., 2006) . Comparing with traditional suspended algae (mixed or monocultures) wastewater purification systems, the major advantage of periphyton-based measure is that the system can avoid separation of suspended algal biomass and water, in addition to that nutritious compounds can be retained in algal biomass which further can be harvested and used as fertilizers in agriculture (Schumacher & Sekoulov, 2002) . As a result, periphytonbased methods were applied to remove P from wastewaters and subsequently acquired a favorable effect in removing P from wastewaters (Boelee et al., 2011; Cao et al., 2016; Guzzon et al., 2008; Jöbgen et al., 2004; Posadas et al., 2013; Sukačová et al., 2015; Zamalloa et al., 2012) .
Wu reviewed that the mechanisms might be responsible for contaminant removal included uptake, adsorption and biodegradation (Wu et al., 2014) . However, the detailed removal mechanism of P, especially of P o , in the presence of phototrophic periphyton is still in dispute. It was reported that periphyton had a high affinity for P hence act as an important storehouse of P (McCormick et al., 2001; Noe et al., 2002) . Studies indicated that P concentration ranging between 1.1 to 2.8 mg g − 1 (dry weight) is optimal for algal growth (Müller, 1983) . Zamalloa et al. (2012) used microalgae biofilm to remove P from domestic wastewater and found that about 95% of total P was recovered in the algae biomass. Guzzon et al. (2008) observed that P removal by periphyton was accumulated inside the cells of phototrophs, mainly in the cytoplasm of the green algae. These researchers argued that assimilation was the main removal mechanism of P by periphytons. On the other hand, some studies suggested that the adsorption or co-precipitation of P with metal salts (especially with CaCO 3 ) was the main P removal mechanism (Dodds, 2003; Lu et al., 2014a; Lu et al., 2014b; Scinto & Reddy, 2003) . To our knowledge, the quantification of P (especially of organic phosphorous, P o ) removal mechanism in the presence of phototrophic periphyton was not well studied.
Therefore, the objective of this study was to obtain a mechanistic understanding of P removal in the presence of phototrophic periphytons by: i) determining P i and P o removal kinetics under different levels of periphyton content; ii) assessing the influence of various environmental conditions to P i and P o removal rates and iii) evaluating the relative magnitude of different mechanisms occurred during the P i and P o removal process.
Materials and methods

Phototrophic periphyton culture
Biofilm substrate (diameter 12 cm and length 55 cm, Industrial Soft Carriers, China) was used for in situ collection and growth of phototrophic periphyton in Xuanwu Lake (TN: 1.90 mg L − 1 , TP: 0.1 mg L −1 , pH: 7.8, ammonia: 0.53 mg L −1 and nitrate: 0.73 mg L −1 ), East China. To avoid human interference on periphyton growth, once the biofilms was covered on the substrate surface, the periphyton with their substrates was taken to the indoor culture. The indoor culture of the periphyton was conducted in glass tanks (each tanks are of 100 cm in length, 60 cm in width and 40 cm in height). Firstly, the tanks were sterilized using 95% alcohol solution and rinsed with distilled water. Then, the collected periphyton biofilms along with their substrates were submerged into the glass tanks filled with nutrients medium solution [composed of macro nutrient (such as 20 mg L −1 NaCO 3 , 150 mg L −1 NaNO 3 , 40 mg L −1 K 2 HPO 4 , 75 mg L −1 MgSO 4 ·7H 2 O, 36 mg L −1 CaCl 2 ·2H 2 O) and micro nutrient (such as 2.86 mg L −1 H 3 BO 4 , 1.81 mg L −1 MnCl 2 ·4H 2 O, 0.22 mg L −1 ZnSO 4 , 0.39 mg L −1 Na 2 MoO 4 , 0.079 mg L −1 CuSO 4 ·5H 2 O, 4.94 mg L −1 Co(NO 3 ) 2 ·6H 2 O) as well as organic matters (6 mg L −1 citric acid and ammonium ferric citrate). To reduce the influence of extreme climatic condition on the growth of periphyton, the glass tanks were kept in a greenhouse with air temperature kept at 25-30°C. When dense periphyton biofilm was formed (i.e., when the thickness of periphyton biofilms exceeded 5 mm) it was regarded as matured and collected for the following experiments.
P removal by the periphyton
Two species of P (P i and P o ) were studied in this work. P i stock solutions (100 mg L −1 ) were prepared by dissolving 0.4387 g K 2 HPO 4 into 1 L distilled water. Previous studies found that ATP was an effective substrate for tracing P o dynamics in phytoplankton and periphyton (Bentzen et al., 1992; Scinto & Reddy, 2003) . Thus, P o stock solution (100 mg L −1 ) was prepared by dissolving 0.6505 g ATP (disodium adenosine triphosphate, C 10 H 14 O 13 N 5 P 3 Na 2 ·3H 2 O, sigma) into 1 L distilled water. All P concentrations used in the experiments were diluted from stock solutions.
The periphyton was gently peeled off by hand and placed into 0.25-L flasks under initial P (inorganic and organic) content of about 13 mg L −1 , which was prepared with pure distilled water (PDW) and artificial non-point source wastewater (ANSW) that mainly composed of nutrient pollutants (1.5 g L −1 NaNO 3 , 0.02 g L −1 NaCO 3 , 0.06 g L −1 K 2 HPO 4 , 0.036 g L − 1 MgSO 4 ·7H 2 O, 0.075 g L − 1 CaCl 2 ·2H 2 O, 0.001 g L − 1 ZnSO 4 , 0.001 g L − 1 CuSO 4 ·5H 2 O and 0.006 g L −1 C 6 H 10 FeNO 8 ).
Four different treatment levels, each with different biomass concentration (0, 0.1, 0.2 and 0.4 g) of the periphyton, were assessed in this study. The total P (TP) and inorganic P (P i ) concentrations in solution were determined after 1, 4, 8, 12, 24, 36 and 48 h. The TP and P i concentrations in solution were determined simultaneously using a flow injection analyzer (SEAL AA3, German), while P o content is calculated by the difference between TP and P i .
Simultaneously, the role of extracellular polymeric substance (EPS) of periphyton on P removal was explored by a comparative assay of periphyton with EPS (i.e., intact periphyton biofilms) and without EPS (the EPS was extracted from periphyton biofilms before the experiment). The removal of EPS of periphyton biofilms and the maintenance of cell integrity were followed according to the procedure of Ellwood (Ellwood et al., 2012) . Briefly, periphyton biofilms were incubated in distilled water at 50°C for 1 h followed by centrifugation at 3500 rpm for 20 min (15°C).
In order to observe whether the co-precipitation mechanism has occurred during the P removal process, the concentrations of Ca, Mg, Fe, Al, Cu and Zn in the solution were determined using inductive coupled plasma emission spectrometer (ICP, Optima 8000, Perkin Elmer) before and after the experiment. Simultaneously, pH values of the solution were measured using a pH meter (PHSJ-3F, INESA Scientific Instrument Co., Ltd) throughout the experiments.
Also, to evaluate the influence of environmental conditions on P removal processes, the influence of varied light intensities (12,000, 480 and 0 lx), temperatures (45, 25 and 5°C) and initial P concentrations (10-50 mg L −1 ) on P removal were investigated independently.
P captured by the periphyton
To explore the different P species present in the periphyton, labile-P, Fe/Al-P, Ca-P and residual-P of the periphyton were determined following the method of Borovec et al. (2010) . Briefly, the experiment was conducted in 0.5 L flasks under initial P (P i and P o ) concentration of about 20 mg L −1 in the presence of 10 g periphyton (wet weight). The periphyton before and after the experiments were dried, mashed and subjected to sequential chemical extractions with 1.0 M MgCl 2 , 0.1 M NaOH and 0.5 M HCl, respectively. The extracts were centrifuged and the supernatants were filtered through a 0.45 μm P-free membrane. The soluble reactive P (SRP) in each fraction was determined by the molybdenum blue/ascorbic acid method (APHA-AWWA-WEF, 1998). The residual P of periphyton was determined by the persulfate digestionmolybdophosphate reaction method after strong acid digestion (H 2 SO 4 + HNO 3 + H 2 O 2 ). This extraction procedure fractionates P into loosely sorbed P (labile-P), metal oxide bound P (Fe/Al-P), calcium bound P (Ca-P) and residual P (Res-P). The TP of the periphyton was the summation of the aforementioned P fractions.
Analytical methods
Each experiment in this study was conducted in triplicate and the mean results (± SD) are presented. One-way Analysis of variance (ANOVA) was used to test for differences between the periphyton treatments and control. Statistical analysis was performed using SPSS 19.0 and P b 0.05 indicated level of statistical significance. When treatment effects were significant (P b 0.05), the LSD procedure was used to identify differences among treatments. All figures and tables were derived using Origin 8.0 and Excel 2007.
Results and discussion
P removal by the periphyton
The concentrations of P i and P o were decreased in presence of periphyton, while control samples (no periphyton) showed no significant change within 48 h (P N 0.05) (Fig. 1 ). However, P concentration of ANSW treatments decreased more compared to PDW, especially for P i . It was apparent that the presence of periphyton (0.1 to 0.4 g L −1 ) could effectively remove P i from ANSW in 48 h, i.e., from 14 mg L −1 to 0, while only a little amount from PDW, i.e., from 14 mg L − 1 to 11 mg L −1 (Fig. 1a ). It was also shown that the more content of periphyton was, the more of P i content decreased was in both ANSW and PDW conditions. For P o removal, the change of P concentration exhibited a decreased tendency, which has been decreased to 0.58, 0, and 0 mg L − 1 with ANSW treatment within 48 h under 0.1, 0.2, and 0.4 g L −1 of periphyton content respectively, while considerable amount P o remained (6.5, 3.3, and 0.66 mg L −1 respectively) with PDW treatment (Fig. 1b ). This suggests that the periphyton could remove both P i and P o in the wastewaters, and more effectively from ANSW compared to PDW.
It was seen that P t contents were decreased from 12.8 to 12.2, 11.9, and 10.9 mg L − 1 over time under PDW with periphyton of 0.1, 0.2, and 0.4 g L −1 respectively, while P i content increased from 0 to 5.2, 8.3, and 10.1 mg L −1 (Fig. 1c) . One important reason for this was the conversion of P o to P i by periphyton. Many studies have already shown that the periphyton could release phosphatase (Ellwood et al., 2012) that could enhance the conversion of P o to P i , this likely introduce a confusion due to that P o is calculated as the difference between P t and Fig. 1 . Change in P concentration in the experimental solution. (a) and (b) represent the change of P i and P o respectively, while (c) represents the change of P t and P i in PDW during P o removal by periphyton. ANSW and PDW in the legends represent that the P solutions were made up by artificial non-point source wastewater (ANSW) and pure distill water (PDW), respectively. The P t , P o and P i in the legends mean total phosphorus, organic phosphorus and inorganic phosphorus content respectively (experimental conditions: irradiance = 12,000 lx, temperature = 25°C). P i . This indicates that the decrease of P o concentration was mainly due to conversion of P o to P i , thus not actually a removal of P o under PDW treatment.
The removal rates of P i and P o in the presence of periphyton under ANSW after 24 h was shown in Fig. 2a . Generally, the removal rate was increased with the enlargement of periphyton content under both P i and P o . The P i and P o removal rates were 90% and 52%, 95% and 79%, and 100% and 89% respectively under periphyton content of 0.1, 0.2, and 0.4 g L −1 , while the control (no periphyton) were 1% and 4%. Additionally, EPS of the periphyton significantly affected P i and P o removal rate after 8 h (P b 0.05, Fig. 2b) , and the maximum removal rates for P i and P o were about 54% and 52% respectively, but no such effect was observed from the control sample (i.e., intact periphyton) that show up to 98%. This implies that EPS played an important role in both P i and P o removal by periphyton.
Our previous study indicated that the periphyton had high adsorptional capability of P (Lu et al., 2014a; Lu et al., 2014b) . The structural and compositional characteristics of periphytic assemblages are heterogeneous, it naturally possesses sorption sites for P such as EPS, cell walls, cell membranes, and cytoplasm (Flemming & Leis, 2003) . EPS was considered as the primary matrix material and a main sorption site of the biofilm, which could account for 50% to 90% of the total organic carbon of the biofilms (Flemming et al., 2007) . This was consistent with our findings. Also, it was observed that there were many interstitial micro-voids presented in the periphyton, which might have a considerable consequence on mass transfer inside the biofilms (De Beer et al., 1994) . These micro-voids provide micro-spaces or adsorption sites for the periphyton to capture or intercept nutrients such as P or particulate contaminants (Dodds, 2003) . All these imply that such ubiquitous periphyton might be an effective and environmentally benign material for P removal from wastewaters.
The metal (Ca, Mg, Al, Fe, Cu and Zn) content in the solution was determined before and after the experiment to explore whether co-precipitation mechanism is prevailing during the removal process. All the metals in solution exhibited a decreasing tendency after 48 h (Table  1) . Among them, Ca and Mg were the main elements that reduced nearly half of its amounts from 17.2 mg L −1 and 11.3 mg L −1 to 10.6 mg L −1 and 6.27 mg L −1 respectively. This suggests that the co-precipitation was also an important mechanism for P removal in the presence of periphyton (Hartley et al., 1996) . Furthermore, the dominant materials that have precipitated during the removal process mainly consists of CaCO 3 or Ca(OH) 2 and MgCO 3 or Mg(OH) 2 .
This outcome was consistent with the results that P content under ANSW treatment decreased dramatically from 13.9 to 0 mg L −1 after 48 h with periphyton content of 0.1 g L −1 , while only showed slight reduction of P content from 13.9 to 13.0 mg L −1 under PDW treatment (Fig. 1a) . Also, it is obvious that precipitation of materials results in the dramatic reduction of P concentration under ANSW, while no such phenomena has occurred under PDW ( Fig. 3a-b ). This phenomenon further suggested that more than 90% P removal was contributed by the indirect adsorption process, i.e., due to adsorption of P onto metal precipitates such as calcite or the complexation between P and metal cations. While, part of the P removal (b10%) could be due to adsorption onto periphyton itself such as the interception or entrapment caused by the micro-structures of the periphyton (Fig. 1) .
Meanwhile, the pH value of the solution under ANSW was monitored during the whole trial (Fig. 3c ). The pH value was increased quickly from around 8 to 11 within 48 h. One of the possible reason for this could be due to high photosynthetic activity of the periphyton, which could deplete CO 2 in the close proximity of photosynthetic cells, thereby creating a microenvironment having much lower CO 2 partial pressure and higher degree of calcite saturation than the bulk water (Hayashi et al., 2012) . The high pH caused by periphyton photosynthetic activity encourages precipitation of carbonates and associated Ca-bound P (Dodds, 2003; Lu et al., 2016) .
Previous studies demonstrated that some kind of green algae could excrete mucus to capture calcite and form crystals on the micro-surface of the periphyton (Pentecost, 1988; Scinto & Reddy, 2003) . It was revealed that calcite was a kind of natural mineral that has a powerful P adsorption capacity (Karageorgiou et al., 2007) . Combining our results, it can be concluded that co-precipitation between P and metal precipitates such as calcite is a main mechanism for P removal in the presence of periphyton.
Quantification of P captured by the periphyton
As shown in Fig. 4 , the change of periphyton P after P i removal experiment was analogous to P o , and the periphyton used in our trial Table 1 Change in metal contents in the solution before and after the experimental trial.
Metal content (mg L −1 )
A l C a F e M g M n Z n Before trial 0.184 ± 0.06 17.2 ± 1.48 0.027 ± 0.01 11.3 ± 1.0 0.52 ± 0.10 0.06 ± 0.01 After trial 0.094 ± 0.01 10.6 ± 0.95 -6.27 ± 1.45 0.31 ± 0.03 0.03 ± 0.01
Note: "-" not able to determine. had a relatively high P content, which could reach up to 13 mg g −1 after P o removal experiment. The TP value was more than that reported for interior Everglades periphyton (McCormick et al., 2001; Scinto & Reddy, 2003) . It was postulated that the periphyton had a high affinity for P and responds more rapidly to P inputs relative to other aquatic species (McCormick et al., 2001; Noe et al., 2002) . As for P species in periphyton, the amounts of different P forms appeared in the order of Labile-P N Ca-P N Fe/Al-P N Res-P, which could accounted for 59%, 16%, 14%, and 11% of the periphyton TP respectively. The Labile-P, Fe/Al-P and Ca-P were significant increased from about 4 0.1, 0.9, 1.0 mg g −1 to 7.7 and 7.8, 1.5 and 1.6, 2.9 and 3.5 mg g −1 respectively at the end of 48 h (P b 0.05). Previous study indicated that Fe/Al-P and Ca-P was the dominant fraction of periphyton in different lakes, which constituted about 75% of the periphyton TP (Pei et al., 2015) . This is different with our results. One possible reason is that the periphytons in their experiments were sampled from natural lakes, while ours were cultured in greenhouse with adequate nutrition. Also, the procedure of sequential chemical extraction for periphyton may be an important reason for the difference of P proportion.
Our findings could give an insight into the affinity and response of periphyton to P. Commonly, Labile-P represented the loosely sorbed P such as P release from CaCO 3 or trapped on the surface of the periphyton (Kaiserli et al., 2002) . The labile-P was the main P fraction of the periphyton, which accounted for more than 50% of P augmented in the periphyton after P removal experiments. This was consistent with the abovementioned outcome that adsorption was the dominant mechanism for P removal. Also, this outcome might explain why the P removal rate was decreased about 50% under the periphyton that without EPS (Fig. 5) , because the crystals such as calcite was mainly formed on the micro-surface of periphyton such as EPS (Pentecost, 1978) . This further implies that EPS take an important role in the adsorption between P and calcite.
The metal oxide (e.g., Al and Fe) bound P is exchangeable with OH - (Kozerski & Kleeberg, 1998) . As seen during the experiment, Fe/Al-P of the periphyton for both P i and P o increased significantly after the experiment, suggesting that the precipitation of metal cation (such as Fe and Al) and P occurred during the removal process, which accounted for nearly 10% of P augmentation in periphytons. This was confirmed by the fact that Fe and Al content were reduced after 48 h experiments (Table 1) .
Ca-P is sensitive to low pH, assumed to consist mainly of apatite, a relatively stable fraction bound to carbonates (Kaiserli et al., 2002) . The increase of Ca-P in periphyton after P removal trial was second to Labile-P, which accounted for less than 40% of P augmentation in periphytons. Therefore, it was easy to understand the affinity of periphyton for P, which consists of either the adsorption and the interception or the entrapment of metal-P compounds (especially P-contained particle). The completion of P removal within 48 h indicates the rapid response of periphyton to P. However, we did not determinate the long-term variation or stability of these P fractions of the periphyton. It is possible that these P fractions could change or released during periphyton detachment or degradation, which needs further investigation.
Effect of environmental factors
Previous studies have reported that the uptake or removal of P in the presence of periphyton depends on numerous factors such as light, temperature, water column P concentration, and water flow velocity (Matheson et al., 2012; Panswad et al., 2003) . It was obvious that light intensity, temperature and initial P concentration have a significant effect on the P removal rate in the presence of periphyton (P b 0.05, Fig.  5 ). Generally, the effect of environmental conditions on P i removal was same with P o . The data showed that the P removal rates decrease with abate in light intensity and with augment in initial P content, while had an optimal P removal rate at moderate temperature (25°C). High (45°C) or low (5°C) temperature could restrain P removal capacity of periphytons. One possible explanation was that the light, temperature and P concentration could affect the normal growth of periphytons, such as altering the species composition and its characteristics, the release of extracellular organic carbon (EOC) and EPS from living algal cells in biofilms (Bowes et al., 2012; Espeland & Wetzel, 2001; McCormick et al., 2001; Vander Grinten et al., 2004) , subsequently influencing the function of periphyton such as its adsorption capability. Therefore, environmental conditions, especially the water flow Fig. 4 . Phosphorus content of the periphyton before and after the trial (experimental conditions: irradiance = 12,000 Lux, temperature = 25°C, time = 48 h). condition, should be taken into accounts when periphyton was used to remove P under field environment.
Conclusion
This study was the first to demonstrate quantitatively that P removal mechanism in the presence of periphyton was dominated by adsorption, especially due to the adsorption and combination between PO 4 3− and metal compounds. These results indicate that the inclusion of a periphyton-based P adsorption system to natural waters will have a major benefit when protecting surface waters from the pollution from nonpoint source wastewater. This highly adsorbed-phosphate periphyton have a potential application directly as a P fertilizer, also it is highly eco-friendly and require no further treatment for the phosphate species desorption. This is not only helpful for the P removal from waters, but also contributed to the recovery and reusing of P resource that become increasingly scarce and expensive.
